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An optical coherence tomography (OCT) system using a compact fiber source emitting amplified spontaneous emission 
(ASE) at central wavelength of 1960nm with bandwidth of 40nm is developed to enhance the probing depth in highly 
scattering material with low water content. Examples of application to paint is used to demonstrate significantly improved 
penetration depth in high opacity material in the two-micron wavelength regime. 
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Optical Coherence Tomography (OCT) is a non-invasive, 
non-contact imaging technique capable of 3D imaging of 
subsurface microstructure using a fast scanning 
Michelson interferometer [1]. Operating in the near 
infrared, it was originally designed for in vivo optical 
biopsy of the eye and other biological tissues [2]. OCT has 
increasingly found application in the non-biomedical field 
ranging from industrial applications [3] to art 
conservation and Archaeology [4]. In the last ten years, 
OCT has been successfully applied to the non-invasive 
imaging of historical paintings and other cultural artifacts 
[5,6]. The non-invasive nature of OCT makes it 
particularly useful for imaging the subsurface structure of 
cultural artifacts as conservation ethics discourage the 
taking of samples from objects. In cases where the object 
is intact, OCT is the only method to probe the cross-
sectional microstructure without damaging the artifact.  
      While currently available OCTs have shown potential 
in this field, they are optimized for biomedical 
applications. One major limitation of OCT imaging is the 
probing depth through highly scattering paint. OCT 
systems for biomedical applications are generally 
restricted to wavelengths between 800 nm and 1300 nm 
for the best compromise between water absorption and 
tissue scattering [7]. OCT depth of penetration is limited 
by the opacity of the material, that is the combined effect 
of absorption and scattering. For the best probing depth, 
OCT operational wavelength range should avoid spectral 
regions with strong absorption and scattering. Multiple 
scattering will also result in the scattering center being 
placed deeper in depth than reality, resulting in artifacts 
that mask the subsurface layer structures. In general, the 
scattering coefficient of a material decreases with 
increasing wavelength, hence a long wavelength OCT will 
have larger probing depth for highly scattering material. 
Since non-biological material such as paint are highly 
scattering with very low water content, their 
transparency are not limited by water absorption as in the 
case of biological tissues. Therefore, the optimum spectral 
window for OCT imaging of materials with low water 
content is likely to be different. A recent survey of the 
transparency of historical artists' pigments over the 
spectral range of 400–2400 nm using reflection 
spectroscopy has shown that the optimum spectral 
window for OCT imaging of paint layers is around 2.2 µm 
[8]. Off-the-shelf OCT sources are commonly found 
around 0.8 µm, 1 µm, 1.3 µm and 1.5 µm and few OCT 
systems have been built beyond 1.3 µm. Nevertheless, 
there has been some work done in exploring the potential 
of longer wavelength OCT. Bouma et al. [9] compared the 
performance of an OCT system imaging a human aorta 
specimen using a stretched pulse mode-locked Er-doped 
fiber laser at 1.55 µm, a Tm-doped silica fiber amplified 
spontaneous emission source at 1.81 µm (between the 
primary water absorption bands at 1.4–1.50 µm and 1.9–
2.2 µm) and a superluminescent diode (SLD) at 1.3 µm 
and found that the depth of penetration was similar since 
the reduced scattering at long wavelength is compensated 
by the increased water absorption. More recently, OCT 
imaging at 1.6 and 1.7 µm using supercontinuum or 
swept sources are found to be optimum for providing 
enhanced depth of penetration for biological material with 
low water content [10-12]. 
       As a proof of concept, we demonstrate in this paper a 
time-domain OCT (TDOCT) using a compact broadband 
Tm-doped fiber amplified spontaneous emission (ASE) 
  
source (preliminary results were presented at a 
conference [13]). One of the attractive characteristics of 
such sources is the increased bandwidth with decreasing 
power, since low power reduces the chance of damage to 
the sample which is particularly important in applications 
to cultural heritage [14].  
      The ASE source used in these experiments was 
constructed in-house, providing a compact turn-key source 
with fiber coupled output. The source was constructed in 
cladding pumped all-fiber arrangement (Fig. 1) with a 4 m 
length of thulium-doped active fiber (1 wt.% thulium 
concentration) used as the gain medium. Fiber core and 
cladding dimensions were 6 and 100 µm with numerical 
apertures of 0.22 and 0.46 respectively. Pump light was 
provided by a fiber coupled single emitter diode (Lumix) 
operating at a wavelength of 795 nm. This was coupled 
into the active fiber through a 2+1 tapered fiber bundle 
(TFB). Due to a cladding diameter mismatch between the 
active fiber and TFB (125 µm into 100 µm), an estimated 
30% of pump light was lost in this coupling process. 
Output from the fiber source was taken from the single 
mode port of the TFB after a fiberized isolator (AdValue). 
Within this configuration, a flat cleave was used to 
terminate the active fiber at the end opposite the output 
end. This choice was made to allow the 4% back-reflection 
of any spontaneous emission, increasing the output power 
and uni-directionality of emitted ASE source [15]. This 4% 
feedback, coupled with the feedback suppression of the 
fiber isolator, was found to be sufficiently low to prevent 
the onset of parasitic lasing over the range of pump power 
in use. The imaging system consists of a fiber based time-
domain OCT (TDOCT) in the Michelson interferometer 
configuration (Fig. 2) using a fiber coupler specifically 
designed for broadband transmission at 2 µm 
manufactured by Gooch & Housego. The output of the 
ASE light is coupled into the input arm of the fiber 
coupler and it is split into the reference and the sample 
arms.  In the sample arm, light is directed onto a X-Y 
galvo scanning mirror which scans and collects the 
returning light from the sample using a 50 mm focusing 
lens. In the reference arm, the light illuminates a 
scanning reference mirror. To improve the time of 
capturing, an ‘en face’ scanning scheme is employed 
where the fast scanning is done by the galvo mirror in the 
transverse direction and the slow scanning in depth is 
achieved by a motorized linear translation stage (Thorlabs 
NST150) that the reference mirror is attached to. The 
Doppler shifted reference light and the sample light are 
recombined and mixed in the output arm of the fiber 
coupler and the interference signal is detected by a 
balanced detector (Thorlabs PDB410, using the 
Hamamatsu G8372 extended InGaAs detector sensitive 
from 0.9 to 2.1 µm in wavelength). By using a balanced 
detection scheme, the interferometric signal is enhanced 
by reducing the intensity noise in the ASE source and the 
vibration noise [16]. The signal is acquired with a 14 bit 
digitizer (Spectrum M2i4021) and demodulated to retrieve 
the fringe envelope.  
       The ASE source spectrum is shown in Fig. 3a. The 
central wavelength of the source is ~1960 nm and the 
FWHM bandwidth is ~43 to 38 nm when operating at a 
power of 2 to 16 mW. The power incident on the sample is 
~1.1 mW when the source operates at 8 mW output 
power. The theoretically expected FWHM axial resolution 
assuming a Gaussian spectrum is given by Δz~0.44λ02/Δλ 
which is ~40 µm in this case. Figure 3b shows the 
interference signal with a mirror in the sample arm 
demonstrating an axial resolution of ~35 µm consistent 
with the theoretically expected value. The slightly better 
experimental axial resolution compared with the 
theoretically expected value can be explained by the 
simplistic assumption of Gaussian source spectrum 
without taking into account of the spectral response of the 
detectors and optical components. It is found that in the 2 
µm wavelength range, the requirement of dispersion 
balancing of the two arms in the Michelson interferometer 
is not as critical as it is at shorter wavelengths such as 
800 nm and the theoretical axial resolution was achieved 
without dispersion compensation. A scan of a USAF 
microscope calibration chart showed the transverse 
resolution of the OCT to be ~17 µm. The sensitivity of the 
system was found to be ~ −58 dB.  
       The 1960nm OCT was applied to a highly scattering 
paint sample of titanium white in linseed oil painted on 
glass.  Figure 4 shows a comparison of the cross-section 
images obtained with the 1960 nm OCT (Fig. 4d), a 930 
nm OCT (Thorlabs OCP930SR; Fig. 4b) and a 1310 nm 
OCT (Zeiss Visante; Fig. 4c) of the sample. The 930 nm 
OCT is a Fourier domain OCT (FDOCT) with an axial 
resolution of 6.5 µm and the 1310 nm OCT is a TDOCT 
with an axial resolution of 18 µm. The paint is highly 
scattering at 930 and 1310 nm, as both the paint/glass 
interface and the bottom of the glass/air interface are 
masked by multiply scattered photons. However, it is 
transparent at 1960 nm since the paint/glass interface as 
well as the interface between the bottom of the glass slide 
and air can be seen in Fig. 4d.  
       Some paints have strong absorption in the visible 
and/or near infrared, for example, Prussian blue absorbs 
strongly at wavelength less than 1 µm, copper pigments 
such as azurite and malachite absorbs strongly at 
wavelength less than 1.5 µm and cobalt pigments have a 
broad absorption trough at 1.3–1.6 µm. Figure 5b and Fig. 
5c shows a comparison of the 930 nm and 1960 nm OCT 
cross-section images for a layer of Prussian blue oil paint 
over a board prepared with a white gesso ground (Fig. 5a). 
The Prussian blue paint layer is strongly absorbing at 930 
nm where only the air/paint interface is visible and the 
paint/ground interface is not visible (Fig. 5b). However, at 
1960 nm the paint layer can be clearly delineated showing 
some scattering from the paint layer and the paint/ground 
interface is visible (Fig.5c). Figure 5c shows the Prussian 
blue layer is ~350 µm in optical thickness or ~230 µm in 
physical thickness if we assume the paint refractive index 
to be ~1.5. Figure 5d shows a zoomed-in color image of a 
region of the sample where there is a lamp black water 
color underdrawing beneath the Prussian blue oil paint. 
The underdrawing cannot be seen beneath the paint in 
the visible owing to the opacity of Prussian blue. Figure 5e 
shows a ~2.2 µm direct image of the same region obtained 
with FLIR InSb camera with a bandpass filter (1.7– 2.6 
µm). Figure 5f shows an average of ‘en face’ slices 
extracted from an image cube collected from the same 
region. The underdrawing is clearly visible in this 
  
averaged ‘en face’ slice demonstrating superior contrast 
and resolution of this OCT en-face image (Fig. 5f) than 
that obtained from the direct digital imaging at 2.2 µm 
(Fig. 5e). In comparison, a survey of oil paint with OCT 
imaging at 1.55 µm found both titanium white and 
Prussian blue to be opaque and the paint ground interface 
was not visible due to the highly scattering and absorbing 
properties respectively of the paint samples [17]. 
       In conclusion, we have demonstrated a TDOCT in the 
2 µm regime using an ASE source to have superior 
probing depth than OCT at shorter wavelength for highly 
scattering or highly absorbing paint. OCT in the 2 µm 
regime has the potential to increase the probing depth not 
only for painted objects but also for other highly scattering 
material with low water content. To improve the speed of 
acquisition and depth resolution of OCT imaging in the 
two-micron regime, we are currently developing a Fourier 
domain OCT using a source with a significantly broader 
bandwidth. 
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Fig. 1 Cladding pumped all-fiber ASE two-micron 
source. TDF: Tm3+ doped fiber; TFB: tapered fiber 
bundle. 
Fig. 2 Schematic diagram of the time domain OCT system. 
Fig. 3 a) Spectrum of the Tm doped ASE fiber source; b) 
Interference fringes with a mirror in the sample arm 
showing a PSF with FWHM of 35 microns (linear scale). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 4 a) Titanium white oil paint on a glass microscope 
slide; b) 930nm Thorlabs FDOCT image showing multiple 
scattering from Ti White paint; c) 1310nm Zeiss Visante 
TDOCT; d) 1960nm TDOCT image showing that the paint 
layer is transparent and even the bottom of the glass slide 
can be seen. 
Fig. 5 a) A panel of white gesso ground with a band of 
Prussian blue painted over a variety of underdrawing 
materials; b) a cross-section image produced by a 930 nm 
FDOCT at the position marked by the red line segment in 
a); c) a cross-section image produced by the 1960 nm 
TDOCT at roughly the same position as in b); d) Zoomed-in 
color image of the Prussian blue paint layer over a lamp 
black water color underdrawings at the position marked by 
a blue square in a); e) a direct image of the same area as in 
d) using a FLIR InSb camera with a bandpass filter 
centered at 2150 nm (1700-2600 nm);  f) an ‘en face’ slice of 
a 1960nm OCT image cube averaged over the layers below 
the paint to just below the surface of the substrate; Image 
size in b) and c) are 5 mm (width) by 0.8 mm (height)  and 
the image sizes in d), e) and f) are 7 mm by 7.5 mm. 
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